Introduction
Aliphatic poly(esters) such as poly(lactic acid) (PLA) and poly(-caprolactone) (PCL) have gained considerable interest in recent years due to their biodegradability and renewability. [1] [2] [3] [4] These aliphatic polymers are also bioassimilable, as hydrolysis produces non-toxic comp-onents eliminated via the Krebs cycle as CO 2 and H 2 O. 3 These poly(esters) have physical properties that can be tuned and varied during polymer processing by orientation, blending, branching, cross-linking or plasticization, enabling the application of aliphatic poly(esters) to pharmaceuticals, microelectronics and other fields. 5, 6 PLA is an important biodegradable polymer of high industrial potential because the lactide monomer can be acquired through the fermentation of renewable resources. 3 The most common application of PCL as a biodegradable polymer involves the development of pharmaceutical drugs such as Capronor TM , an implanted contraceptive delivery system. 7 PCL is synthesized from the monomer -caprolactone, which is traditionally produced by the Bayer Villiger oxidation of cyclohexanone with peracids or hydrogen peroxide 8 but can also be produced from the fermentation of starch, suggesting renewability. 9 Aliphatic poly(esters) are commonly synthesized through ring opening polymerization (ROP) of the corresponding cyclic ester as it offers greater control over the resulting polymers. [1] [2] [3] [4] While ROP of lactide has been accomplished with many metals, calcium and zinc are particularly promising for industrial applications, due to their low cost, high activity and low toxicity. 10 Ligand sets supporting active zinc and calcium lactide catalysts include -diketiminates, tris(pyrazol)hydroborates, anilido-oxazolinates, amino-bis(pyrazol)s, Nheterocyclic carbenes, heteroscorpionates and others. 10 The best systems offer excellent conversions over a broad temperature range and PDIs as low as 1.1. 10 ROP of -caprolactone with calcium and zinc catalysts is comparatively understudied, although simple organic amido calcium and zinc complexes, H 2 NCaOCHMe 2 and Zn(N(SiMe 3 ) 2 ) 2 , show high activity and poor control. 10, 11 PCL synthesis is also efficiently mediated by heterobimetallic aluminum and zinc complexes with anilidoaldimine ligands 12 and some scorpionate-derived monometallic frameworks. 10 Inspiration for this study, however, was derived from the work of Darensbourg et al. who showed that a series of tridentate Schiff base complexes, shown in Figure 1 , of benign metals were effective in the ring opening polymerization of cyclic esters. [13] [14] [15] [16] Complexes were variably effective, with pendant dimethylamine donors coordinated to calcium providing the best activity for lactide and trimethylene carbonate while zinc complexes were less effective unless substituted with bulky amino acid derived ligands and used for lactide and εcaprolactone polymerizations.
Figure 1.
Calcium and zinc Schiff base complexes previously developed for the polymerization of cyclic esters. [13] [14] [15] [16] Herein we report an extension of this series of complexes, further examining the structure/activity relationships and the role the ligand plays in controlling the ring opening polymerization of rac-lactide and εcaprolactone. New substitutents include diisopropylamine (N( i Pr) 2 ), piperidine (Pip) and morpholine (Mor) functionalities. Complexes substituted with a single tridentate ligand are effective catalysts for the ring opening polymerization of rac-lactide.
Experimental

General experimental procedures
Chemicals and solvents used for the syntheses were purchased from Sigma-Aldrich, Fisher Chemicals and Acros Chemicals. 99% pure 3,5-di-t-butyl-2-hydroxybenzaldehyde and starting amine reagents were all used as received. Dry solvents including THF, toluene, pentane and ether were obtained from an Innovative Technology glovebox system, which was fitted with a solvent purification system. The inline purification system was made up of alumina and a copper catalyst. These anhydrous solvents were degassed by three or four freeze-pump-thaw-cycles, before taking them into an MBraun LABmaster sp glovebox. Other solvents, mmol) in methanol (25 mL) was added dropwise 2-(diisopropylamino) ethylamine (1.54 g, 10.6 mmol). The bright yellow solution was refluxed at 65C for approximately ten hours and then allowed to cool to room temperature. All volatiles were removed in vacuo to yield a bright yellow oil. The oil was dried under vacuum on the Schlenk line for two hours and then purified by dissolving in cold pentane. The resulting solution was stored at -20C overnight, and the same purification process was repeated three times to give a dense yellow solid. (1.37 g, 3.8 mmol, 36 %). 1 
Synthesis of Pip [ONN]
, 5: Ligand 5 was prepared analogously to 4, using 3,5-di-t-butyl-2hydroxybenzaldehyde (2.56 g, 10.6 mmol), methanol (45 mL) and 4-(2-aminoethyl)-piperidine (1.36 g, 10.6 mmol). This yielded a yellow powder, (2.42 g, 10.6 mmol, 70%). 1 13 13 EA tests of isolated crystals were off, suggesting decomposition in shipping, crystals obtained from the same batch on which an X-ray diffraction study was performed were used in reported polymerization reactions.
Synthesis of
Calcium complexes. NMe2 [ONN]CaN(SiMe 3 ) 2 , 13, was synthesized according to a literature procedure. 14 Pip were dissolved in THF (10 mL) and stirred at room temperature for 5 h. A stirring suspension of CaI 2 (0.79g, 2.68 mmol) in THF was added dropwise to this solution and allowed to stir for 12 h. The solvent was removed in vacuo, the product dissolved in pentane and filtered through celite. Removal of the volatiles in vacuo afforded 13 as a yellow solid (0.50 g, 9.23 mmol, 33%). 1 Crystal structure analyses. Crystals of 11 and 12 were grown by vapour diffusion using pentane and toluene at −35 C. Single crystals were coated with Paratone-N oil, mounted using a polyimide MicroMount and frozen in the cold nitrogen stream of the goniometer. A hemisphere of data was collected on a Bruker AXS P4/SMART 1000 diffractometer using  and  scans with a scan width of 0.3 and 10s (11) or 30s (12) exposure times. The detector distance was 5 cm. The data were reduced using SAINT 18 and corrected for absorption with SADABS. 19 The structure was solved by direct methods and refined by full-matrix least squares on F2(SHELXTL). 20 For 11, one of the t-butyl groups, attached at C(4), was disordered and the site occupancies determined using an isotropic model at 0.7 (C(9)-C(11)) and 0.3 (C(9')-C(11') and fixed in subsequent refinement cycles. All non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were included in calculated positions and refined using a riding model. Graphics were created using the ORTEP program. 21
Results and Discussion
Catalyst Synthesis and Characterization
Tridentate Schiff base ligands were readily synthesized via imine condensation reactions and characterized by 1 H and 13 C NMR spectroscopy (Equation 1). Six ligands were used in this study, substituted with Calcium complexes were prepared via the R [ONN] sodium salt with 1 equivalent of ligand and 2 equivalents of NaN(SiMe 3 ) 2 reacted for five hours in THF followed by dropwise addition of CaI 2 to the reaction mixture.
Removal of solvent after 12 hours followed by filtration and recrystallization from pentane afforded three desired complexes of the form R [ONN]CaN(SiMe 3 ) 2 characterized by 1 H and 13 C NMR spectroscopy (13-15, Figure 3 ). Yields were moderate compared to the corresponding Zn complexes, potentially due to the relative stability of the CaI 2 . Attempts to improve yields with longer reaction times and higher temperatures were unsuccessful and led to complex decomposition. Of note, pyridine and quinoline functionalities were not employed as the complexes had been previously tested while morpholine substituents promoted the formation of an intractable mixture of solids. Again, the complex formation was noted in spectroscopic studies by a shift in the imine resonance, the disappearance of hydroxyl resonances and the presence and integration of N(SiMe 3 ) 2 signals. Crystals suitable for X-ray diffraction studies were grown for 11 and 12 by vapour diffusion of pentane into toluene. The crystal structure of 11 (Figure 4) indicates the complex has a distorted octahedral geometry with coordination of the quinoline nitrogens to afford a formally 22-electron complex. This six-coordinate complex, with both tridentate ligands arranged in a meridional geometry, contrasts with similar fourcoordinate diphenolato complexes synthesized by Zhang et al. 22 In 11, Zn-N bonds ranging from 2.10-2.27 Å contrast the stronger Zn-O bonds of 2.00, 2.03 Å. The structure of 12, however, shows the Zn centre in a distorted T d geometry ( Figure 5 ) similar to a previously published bidentate salicylaldimine structure. 23 A four-coordinate structure is favoured, correlating with the removal of the electron-withdrawing quinoline ring structure and the increased steric hindrance of the isopropyl substituents. As expected, the complex has shorter Finally, the calcium complexes prepared were all effective in the polymerization of rac-lactide, with similar levels of control regardless of the nature of the pendant donor arm. Reactions were slow, however, requiring longer reaction times to achieve higher conversions. Due to the inferior quality of the catalysts compared to industry standards, full reaction kinetics were not pursued. However, further evidence of polymerization control is offered by variation of [M]:[I] ratios, as shown in Table 4 for catalyst 15. When polymerizations are quenched at the same conversion, molecular weights increase linearly and correlate well with predicted values. A slight increase in polydispersity at longer reaction times suggest the catalysts may have limited thermal stability. All catalysts produced atactic poly(lactic acid) and show no stereospecificity. Interestingly, the calcium complexes show lower activity, potentially due to their larger size and lower Lewis acidity contributing to a lower overall reactivity. 
Conclusions
Nine zinc and calcium complexes supported by phenoxyimine ligands with various pendant donors have been prepared, characterized and screened as catalysts in the ring opening polymerization of ε-caprolactone and rac-lactide. Seven of these catalysts are novel and include pendant piperidine, morpholine, diisopropylamine, pyridine and quinoline donors to compare to first generation catalysts substituted with dimethylamine donors.
Zinc complexes have a tendency to disproportionate to form bis(ligand) species which are ineffective for the polymerization of ε-caprolactone but initiate slowly to produce poly(lactic acid) of controlled polydispersity and molecular weight. Improved control is achieved through the use of zinc and calcium complexes coordinated to a single ligand framework with low polydispersity.
